Background 37 Given the growing interest in human exploration of space, it is crucial to identify the effect of 38 space conditions on biological processes. The International Space Station (ISS) greatly helps 39 researchers determine these effects. However, the impact of the ISS-introduced potential 40 confounders (e.g., the combination of radiation and microgravity exposures) on the biological 41 processes are often neglected, and separate investigations are needed to uncover the impact of 42 individual conditions. 43
NASA GeneLab, we identify the gravitome, which we define as microgravity-responsive 48 transcriptomic signatures. We show that 75% of the simulated microgravity-induced changes on 49 gene expression persist after return to ground conditions for four days while most of these 50 changes are reverted after twelve days return to ground conditions. Our results from integrative 51 RNA-seq and mass spectrometry analyses suggest that simulated microgravity affects longevity 52 regulating insulin/IGF-1 and sphingolipid signaling pathways. 53 Conclusions 54 Our results address the sole impact of simulated microgravity on transcriptome by controlling for 55 the other space-introduced conditions and utilizing RNA-seq. Using an integrative approach, we 56 3 identify a conserved transcriptomic signature to microgravity and its sustained impact after 57 return to the ground. Moreover, we present the effect of simulated microgravity on distinct 58 ceramide profiles. Overall, this work can provide insights into the sole effect of microgravity on 59 biological systems. 60 Background 61 Significant efforts have being made for the exploration of space. As such, NASA and 62 SpaceX have planned round-trip landings by 2030s and placement of a million people in 40 63 years to Mars. However, space conditions present different types of environmental stress such as 64 increased levels of radiation and reduced gravity (i.e., microgravity) that negatively affect 65 biological processes by causing changes in the transcriptome leading to bone loss, muscle 66 atrophy, and immune system impairment, to name a few examples. To overcome this problem, 67 the affected biological mechanisms in space conditions should be uncovered to take precautions 68 before the colonization of Mars. 69 The International Space Station (ISS) has provided a great opportunity to study the 70 impact of space conditions on biological systems. However, potential confounders at the ISS are 71 generally neglected. For example, experiments in the ISS introduces elevated radiation and 72 reduced gravity along with the hypergravity during the launch. These mixed stress factors make 73 it highly challenging to detect what precisely causes the observed phenotypes. To identify how 74 the space conditions affect the biological systems, each of the factors require a separate 75 investigation. 76 Microgravity is one of the major stress factors causing detrimental health effects on 77 humans. Simulation of microgravity is a cost-effective way to study the impact of microgravity 78 4 on biological systems. For this purpose, various platforms including drop towers, parabolic 79 flights and space flights are available. Because of their advantages to enable long term 80 simulations in an effective and economical manner, clinostats are widely preferred to study 81 gravitational response in biological systems, mainly plants, for decades [1] [2] [3] [4] [5] . Clinostats rotate a 82 sample around a horizontal axis, thereby exposing the sample to a rotating gravitational vector. 83 This can reduce and even possibly remove gravitational bias in the development of an organism 84 [3, 6-10]. 85 C. elegans is an ideal model organism for space biology studies with its completely 86 documented cell lineage, high reproduction rate, short lifespan, and high similarity to the human 87 genome [11] [12] [13] [14] [15] [16] . In the public bioinformatics repository of NASA (GeneLab; 88 https://genelab.nasa.gov), four studies from three missions to the International Space Station 89 (ISS) are available from C. elegans (Table 1) . However, the experimental design of these studies 90 highly varies. For example, these studies adopted different food source (e.g., axenic or 91 monoxenic liquid media), duration of study, developmental stage, or the worm strain while the 92 usage of microarray technology was common for all. We and others have reported substantial 93 variations in the transcriptomic and phenotypical responses to different liquid cultivations of the 94 worms [11, 17] . We additionally showed that two strains of C. elegans (N2 and AB1) exhibit 95 highly different transcriptomic profiles under liquid cultivations [11, 16] . Overall inconsistency 96 among the space biology experiments on C. elegans highlights the necessity of a more organized 97 and uniform experimental design for future studies where each stress factor is investigated 98 individually. 99 This study investigates the sole effect of simulated microgravity on C. elegans 100 transcriptome and the sustained impacts after return to ground control conditions. We report a 101 5 group of putative microgravity-responsive genes, we define as the gravitome, through the 102 integration of our in-house data with the re-analyzed C. elegans data from GeneLab. Through the 103 RNA-sequencing (RNA-seq) and mass spectrometry analyses, we reveal the downregulation of 104 the sphingolipid signaling pathway and its potential function in longevity under simulated 105 microgravity. 
106

Results
110
To dissect the biological processes affected under simulated microgravity and sustained 111 after the exposure, we first cultured C. elegans in CeHR for three weeks on ground control 112 condition. Then, we exposed the worms to clinostat-simulated microgravity for four days (Fig.   113 1a; Additional file 2: Movie S1) and observed the maintained impacts at four, eight, and twelve 114 days after placing the worms back to ground conditions ( Fig. 1b ). RNA-seq was performed for 115 each condition with three replicates (Additional file 3: Dataset S1). Because RNA-seq can detect 116 6 low abundance transcripts and achieve less noise in the data, unlike previous space biology 117 studies on C. elegans, we preferred RNA-seq over microarray [18] . 118 We generated a dendrogram for the transcriptomic profile in each condition tested and 119 found significant differences during and after exposure to simulate microgravity compared to the 120 ground control conditions ( Fig. 1c ). Thus, this result suggests that exposure to simulated gravity 121 induces highly distinct gene expression patterns which are maintained even after 12 days return 122 to ground conditions (approximately three generations of C. elegans in axenic medium [19] ).
123
Simulated microgravity triggers differential expression of hundreds of genes 124 To identify the genes with the most distinctive expression levels after the exposure, we 125 determined the differentially expressed genes (DEGs). The genes with over two-fold log 2 126 expression difference with the FDR-adjusted p-value ≤ 0.05 were considered as DEGs. Hundreds 127 of genes demonstrated differential expression during exposure to simulated microgravity and up 128 to eight days after return to ground conditions ( Fig. 1d ). Twelve days after the return, the gene 129 expression levels started to resemble the ones in the ground control with only 91 upregulated and 7 to be altered after return to ground conditions ( Fig. 2b ). Our results suggested an upregulation of 139 dorso-ventral axis formation and downregulation of lysosome during the exposure, and these 140 expression patterns were maintained for four and eight days after the return, respectively.
141
Simulated microgravity-induced gene expression differences are highly maintained for 142 eight days after return to ground conditions 143 We then identified the number of simulated microgravity-induced DEGs that preserved 144 their expression patterns after the return (Fig. 2c ). The majority of the DEGs (approximately 145 75%) from the exposed animals maintained their expression patterns after the return for four 146 days. The shared number of DEGs decreased drastically at 12 days after the return to 16% for 147 commonly upregulated and <1% downregulated genes with the exposed animals. 148 To elucidate the genes showing altered expression under simulated microgravity and 149 maintaining these expression patterns after return to ground conditions for short (4 days) and 150 long-term (12 days), we categorized the DEGs in Venn diagrams ( Fig. 2d , e; Additional file 4: 151 Dataset 2). The genes solely upregulated in the exposed animals did not exhibit enrichment for 152 any gene ontology (GO) term. The genes upregulated during the exposure and four days after the 153 return, however, showed an overrepresentation for reproduction-related processes ( Fig. 2d ). 154 Chitin metabolic process-related genes were induced at four days after return to ground 155 conditions, and the expression profiles were conserved for eight days after the return. 156 We found that the downregulated genes were enriched for the biological processes which 8 difference in locomotory behavior [21, 22] have been noted. The reason behind these 162 discrepancies is unclear, but our results indicated differences in the expression of the locomotion . We did not 174 observe differential expression for these muscle-related genes. Since their reported flight to 175 ground gene expression ratio for the downregulated genes was less than one, and we only 176 consider the genes with the log2 ratio greater than two as DEG, it is expected not to observe used a less stringent criterion for differential expression by including the genes with log 2 (FPKM) 219 > 1.5 in this analysis. We determined 11 DEGs in the longevity regulating pathway genes most 220 of which are involved in the insulin/insulin-like growth factor signaling pathway (insulin/IGF-221 1)( Fig. 3) . Interestingly, the transcription factor DAF-16 gene did not exhibit differential 222 expression unlike its targets sod-3, lips-17, and ctl- Sphingolipid signaling pathway is suppressed in response to simulated microgravity 248 Previous studies have suggested that the sphingolipid signaling pathway plays a role in 249 the expression of DAF-16/FOXO-regulated genes [32, 33] . In line with this, our results showed International C. elegans Experiment in Space (ICE-First), C. elegans RNA Interference in Space 300 Experiment (CERISE) four and eight days, and PRJNA146465 conducted by UKM. We 301 reasoned that the genes that are commonly differentially expressed in all the studies should be 302 the ones responding to microgravity. Surprisingly, the number of shared DEGs were highly 303 limited among the studies (Fig. 5a) worms as oppose to the synchronized worms in the four-day culture. As expected, the four-and 312 eight-day CERISE cultures showed profound difference in the overall gene expression profiles, 313 as well ( Fig. 5b) . 314 Higashibata et al., have reported reproducible gene expressions for myosin, paramyosin, 315 unc-87, dim-1, sirtuin and its target genes from four-day CERISE and ICE-First [44] . We wished 316 to evaluate the expression of these genes in eight-day CERISE, PRJNA146465, and our study, as 317 well. Additionally, we assessed the expression levels of these genes when a different analysis 318 method (i.e., GEO2R) is used and noted the reported expression levels in different manuscripts 319 for the same studies ( Table 2) . None of the genes were in our list of DEGs and most of them 320 showed logFC < 1 between the conditions. Furthermore, some genes had high differences in the 335 confirm that the results are not dependent upon the analysis method. The results from both the 336 methods were clustered together indicating their similarity (Fig. 5b) . The highest number of 337 DEG overlap was between our experiment and four-day CERISE, and the overlap was 338 significant for both the methods (hypergeometric test, p-value < 0.05) (Fig. 5c ). Since the 339 overlap between the four-day CERISE and our results from the Tuxedo pipeline is higher, we 340 decided to use the results from this pipeline throughout the manuscript. The results from DEseq2 341 are reported in the supplementary data (Additional File 1: Fig. S4 ; Additional File 7: Dataset S5). 342 We determined a total of 134 common DEGs between our experiment and four-day 343 CERISE, eight of them also being common to PRJNA146465, and categorized these 134 genes 344 as the putative gravitome (Fig. 5a, c (Fig. 5d ). The GO analysis revealed that the gravitome genes play a functional role in 352 locomotion, body morphogenesis, and collagen and cuticulin-based cuticle development (Fig.   353 5e). Similarly, the gravitome gene products exhibit enrichment for nematode cuticle collagen N- 354 terminal and collagen triple helix repeat domains (Fig. 5f ). Together, our findings suggest that 355 mainly the collagen genes are affected under microgravity and this effect is reproducible 356 between the studies. 357 Next, we asked whether the human orthologs of the gravitome genes have relevant 358 functions which might be affected in astronauts. We identified 64 human orthologs to 44 359 gravitome genes in worms (Additional File 9: Dataset S7). The human orthologs exhibited 360 overrepresentation for protein domains including calpain large subunit domain III and calpain 361 family cysteine protease (Additional file 1: Fig. S5 ). Given the reported upregulation of calpain 362 under microgravity and its function in muscle atrophy [49, 50] , these results provide an 363 additional support for a conserved gravitome in worms and humans. 364 Our analyses revealed that 20 putative TF genes are upregulated under simulated 365 microgravity conditions. We wondered whether these upregulation patterns are shared in the 366 four-day CERISE. Among the 20 upregulated putative TF genes, Y56A3A.28 and T24C4.2 367 showed upregulation during the four-day CERISE, indicating a potential transcriptional 368 regulation role for these two in response to microgravity. Our results additionally suggested that 369 the upregulation pattern of these TFs are maintained for eight and twelve days after the return, 370 respectively. We could not find a human ortholog for T24C4.2 while the WormBase-suggested 371 human ortholog of Y56A3A.28 is PRDM16. PRDM16 regulates the switch between skeletal 372 muscle and brown fat cells by inhibiting the skeletal muscle development and gene expression 373 and stimulating brown adipogenesis [51]. Therefore, Y56A3A.28 can be a strong candidate as a 374 negative regulator of the muscle development under microgravity conditions. 375
Discussion
376
In this study, we examined the simulated microgravity responsive gene expression 377 patterns and their maintained levels for four, eight, and twelve days after return to ground 378 conditions. Longevity regulating pathways such as insulin/IGF-1 and sphingolipid signaling 379 pathway were affected under simulated microgravity. We identified a putative gravitome by 380 18 determining the common microgravity responsive transcriptomic signatures by incorporating our 381 study to the previous ones. Moreover, we revealed that the gravitome is potentially conserved 382 between worms and humans by performing function analysis for the human orthologs of the 383 worm gravitome and identifying some of their potential transcriptional regulators. 384 Sphingolipid signaling pathway plays crucial biological roles such as lifespan regulation, 385 apoptosis, and oxidative-stress response [32, 34, 52] . Our results revealed an overall Given the elevated interest in the human exploration of space, it is crucial to determine 438 the detrimental effects of the space conditions on biological systems. Our study demonstrates 439 that C. elegans is an efficient model to identify the impact of space on biological systems. We 440 believe that our results will be a valuable reference for the studies on transcriptomic response to 441 microgravity by controlling for the renowned batch effects from space conditions, allowing the 442 worms to acclimate to liquid cultivation before the experiment, presenting the sustained 443 transcriptomic responses after return to ground along with their putative regulators, integrating 444 the results from the previous studies conducted at the ISS, and providing the response of 445 different ceramide profiles to simulated microgravity. only live worms are retrieved using the sucrose floatation method. We note that "F2" generation 458 and beyond will not maintain synchronicity, and all will contain a mixture of generations, but 459 recovering only the live animals enriches the RNA pool for the expected (majority) generation as 460 each adult will produce ~30 offspring. The reason for the usage of mixed stage worms were the 461 difficulties experienced (e.g., contamination of the liquid medium) during the synchronizing of 462 the animals. 
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